The understanding of transition state mimicry in glycoside hydrolysis is increasingly important both in the quest for novel specific therapeutic agents and for the deduction of enzyme function and mechanism. To aid comprehension, inhibitors can be characterized through kinetic, thermodynamic, and structural dissection to build an "inhibition profile." Here we dissect the binding of a tetrahydrooxazine inhibitor and its derivatives, which display K i values around 500 nM. X-ray structures with both a ␤-glucosidase, at 2 Å resolution, and an endoglucanase at atomic (ϳ1 Å) resolution reveal similar interactions between the tetrahydrooxazine inhibitor and both enzymes. Kinetic analyses reveal the pH dependence of k cat /K m and 1/K i with both enzyme systems, and isothermal titration calorimetry unveils the enthalpic and entropic contributions to ␤-glucosidase inhibition. The pH dependence of enzyme activity mirrored that of 1/K i in both enzymes, unlike the cases of isofagomine and 1-deoxynojirimycin that have been characterized previously. Calorimetric dissection reveals a large favorable enthalpy that is partially offset by an unfavorable entropy upon binding. In terms of the similar profile for the pH dependence of 1/K i and the pH dependence of k cat /K m , the significant enthalpy of binding when compared with other glycosidase inhibitors, and the tight binding at the optimal pH of the enzymes tested, tetrahydrooxazine and its derivatives are a significantly better class of glycosidase inhibitor than previously assumed.
Glycoside hydrolases are believed to increase the rate of glycosidic bond hydrolysis by a factor of 10 17 , making them among the most proficient of enzymes (1) . Taking into account the substrate K m , it is estimated that these enzymes thus bind the transition state with a resultant dissociation constant of 10 Ϫ22 M (1). Many glycoside hydrolase inhibitors attempt to mimic features of the transition state to take advantage of this huge binding capacity (recently reviewed by Vasella et al. (2) ). Most inhibitors synthesized to date, however, have not been able to harness even half of the theoretical binding capacity.
Glycoside hydrolases have been classified into over 90 families based on sequence similarity (see afmb.cnrs-mrs.fr/CAZY/ and Ref. 3) . In some cases, these families are further grouped into clans, which display the same structural folds and catalytic apparatus. The largest grouping is known as clan GH-A and unites a variety of retaining glycoside hydrolases that all feature a (␤/␣) 8 topology with two glutamates, on strands ␤-4 and ␤-7, acting as acid/base and nucleophile, respectively (4) (Fig. 1) . These enzymes perform hydrolysis with retention of configuration via a double displacement mechanism through a covalent glycosyl-enzyme intermediate. Protonation of the glycosidic oxygen by the acid/base residue is accompanied by attack of the nucleophile on the anomeric carbon, forming the intermediate. In a second step, a water molecule is deprotonated by the acid/base, providing a nucleophilic species to attack the glycosyl-enzyme intermediate and cause displacement of the sugar (Scheme 1). Both the glycosylation and deglycosylation steps pass through dissociative transition states with significant oxocarbenium ion character. At or near this transition state, the anomeric carbon displays sp 2 hybridization, and extensive positive charge delocalization is manifested, in particular along the bond between the endocyclic oxygen and anomeric carbon. Sinnott has shown that at or near the transition state, the pyranoside ring will adopt one of two half-chair conformations ( 4 H 3 / 3 H 4 or their related envelope conformations) or two classical boat ( 2,5 B/B 2,5 ) conformations (32) , and recent structural work confirms that different enzymes utilize these different conformations (reviewed in Ref. 5) .
A very large number of glycosidase inhibitors have been synthesized that attempt to mimic various characteristics of the transition state. A significant confusion is that the term "transition state mimicry" is often used, quite reasonably, by some authors to describe tight binding inhibitors that have obvious and intuitive resemblance to the putative transition state, whereas others reserve this term exclusively for those compounds for which there is a quantifiable correlation between the binding of the inhibitor and the transition state (6). Wolfenden, Bartlett, and others (7-9) go further and suggest that the binding of true transition state mimics must be driven by large and favorable changes in enthalpy, as is the case for the corresponding transition state. Unfortunately, there is often disagreement as to the mechanistic interpretation of tight binding and a variety of methods, including x-ray crystallogra-phy, kinetics, and (increasingly) thermodynamics have been used to clarify these issues.
In the above context, we describe here the characterization of two enzymes: the family GH1 ␤-glucosidase from Thermotoga maritima (TmGH1) 1 in complex with the tetrahydrooxazine inhibitor (Fig. 2, compound 1) and the family GH5 endoglucanase from Bacillus agaradhaerens (Cel5A) in complex with the cellobio and cellotrio-derived tetrahydrooxazines (compounds 2 and 3). ␤-Glucosidase inhibition of TmGH1 with compound 1 is shown to be highly enthalpically favorable (significantly better than either deoxynojirimycin 5 or isofagomine 6 in this respect (10) ). Kinetic analysis of k cat /K m and 1/K i on the two enzymes shows that the pH dependence of inhibition of 1 and 3 is similar to that of catalysis, again in contrast to the binding of 5 and 6, which is optimal at higher pH (10) . Threedimensional structures at resolutions from 2.0 to 1.0 Å reveal that the tetrahydrooxazine derivatives indeed make very similar interactions to those of the natural substrates, due to the inclusion of the O5 endocyclic oxygen. In contrast to initial studies suggesting that tetrahydrooxazine is a poor inhibitor (23), we suggest that in terms of the similar profile for the pH dependence of 1/K i and the pH dependence of k cat /K m , the significant enthalpy of binding when compared with other glycosidase inhibitors, and the tight binding at the optimal pH of the enzymes tested, oxazine derivatives are a significantly better class of glycosidase inhibitor than assumed previously.
EXPERIMENTAL PROCEDURES
Kinetics-The pH dependence of k cat /K m for TmGH1 was measured using the substrate depletion method at low substrate concentration (where [S] Ͻ Ͻ K m ). Studies were conducted by monitoring the change in UV/visible absorbance with a Cintra 10 spectrophotometer, equipped with a Thermocell Peltier temperature controller. Assays were performed at 25°C using 2,4-dinitrophenyl ␤-D-glucopyranoside as substrate. Reactions were carried out using a final concentration of 12.5 M substrate, 100 mM buffer, and 1 mg ml Ϫ1 bovine serum albumin (except below pH 5 where precipitation was observed) in a total volume of 1 ml. The reaction was initiated by the addition of 10 l of TmGH1 to give a final concentration of between 32 and 151 nM enzyme. Assays were carried out at pH values ranging from 4 to 8; 100 mM sodium citrate buffer was used from pH 4 to 6, and 100 mM sodium phosphate buffer was used from pH 6 to 8. Overlapping data points from each buffer indicated that there was no significant change in enzyme activity. 2,4-Dinitrophenolate release was monitored continuously at 405 nm for a minimum of 10 min, and the data were fit to a first order rate equation 
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, adjusted for the enzyme concentration, gives the k cat /K m . The data for k cat /K m dependence on pH were fit to a bell ionization curve (Equation 2) using GRAFIT 5.0 (11) .
K i determinations for 1 were performed over the same pH range as described above, using identical buffer solutions. Values of k cat /K m were determined from pseudo first order rate curves in the presence and absence of inhibitor. Assay conditions remained the same as above except for the addition of between 0.25 and 25 M 1 (which encompassed the K i value at each pH). TmGH1 concentrations ranged from 32 to 232 nM. Data were fit to a first order rate equation (Equation 1) using GRAFIT 5.0 (11), and the rate constant was adjusted for the enzyme concentration to give the k cat /K m . The apparent K m /k cat values at different inhibitor concentrations were plotted against the inhibitor concentration. The ϪK i was taken as the value where the best fit line through the points crossed the x axis. The data for 1/K i dependence on pH were fit to a bell ionization curve (Equation 2) using GRAFIT 5.0 (11). Cel5A kinetics and K i determinations were performed using 2,4-dinitrophenyl ␤-lactoside as substrate with the release of the dinitrophenolate ion measured at 400 nm. All reactions were performed at 37°C in 50 mM citrate/phosphate buffer containing 1 mg ml Ϫ1 bovine serum albumin. The pH versus k cat /K m profile was determined via the substrate depletion method, with substrate present at less than 1 ⁄10 K m . K i values at each pH were determined from Dixon plots using inhibitors 2-4 at concentrations spanning 1 ⁄3 to 3 times the K i and the 2,4-dinitrophenyl ␤-lactoside concentration near the K m value. Kinetic data were again fitted using GRAFIT 5.0 (11) .
Structure Determination-TmGH1 and Cel5A were expressed and purified as described previously (10, 12) . TmGH1 was crystallized by vapor diffusion via the hanging drop method from 0.1 M imidazole, pH 7.0, 0.2 M calcium acetate, and 15% polyethylene glycol 4000. A minute amount of a highly concentrated stock of 1 (synthesis described in Ref. 13) in water was added to the mother liquor surrounding the crystals and allowed to soak for 20 min. Crystals were cryo-protected in a solution containing mother liquor with 25% ethylene glycol and harvested into rayon fiber loops prior to flash-freezing in liquid nitrogen. Cel5A was crystallized from 1.3 M ammonium sulfate, pH 5.0. Minute amounts of highly concentrated stocks of 2 or 3 (synthesis described in Refs. 13 and 14) were added to the mother liquor surrounding native crystals and allowed to soak for 30 min-1 h. Crystals were cryo-protected in mother liquor containing 25% glycerol prior to freezing.
Data for all complexes were collected from single crystals at 100 K at the European Synchrotron Radiation Facility, Grenoble, France, beamline ID14-1. Data for TmGH1 in complex with 1 were collected to 2.0 Å resolution, and for Cel5A in complex with 2 and 3, data were collected to 1.2 and 1.0 Å resolution, respectively. Data were processed and reduced with DENZO and SCALEPACK (15) . All other calculations used the CCP4 suite of programs (16) . TmGH1 crystals belong to space group P2 1 2 1 2 1 with unit cell dimensions a ϭ 94.6 Å, b ϭ 94.6 Å, and c ϭ 113.5 Å; Cel5A crystals also belong to space group P2 1 2 1 2 1 with unit cell dimensions a ϭ 54.6 Å, b ϭ 69.6 Å, and c ϭ 76.8 Å. The TmGH1 structure was solved using the protein atoms only from Protein Data Bank entry 1OD0 using rigid body refinement in REFMAC (17); the Cel5A complexes were solved in the same way using the protein atoms only from Protein Data Bank entry 1OCQ.
Five percent of the observations were set aside for cross validation and were used to monitor refinement strategies such as geometric and temperature factor restraint values. Manual corrections of the model using X-FIT in QUANTA (Accelrys, San Diego, CA) were interspersed with cycles of least squares refinement using the maximum likelihood program REFMAC (17) . Water molecules were added automatically using ARP/wARP (18) and manually using X-SOLVATE in QUANTA. All were inspected prior to deposition. Energy-minimized ligand molecules were created using the CHARMm function in QUANTA, and dictionaries were created using "monomer library sketcher" in the CCP4 suite. The models were validated using PROCHECK (19) , and the co-ordinates were deposited with the Macromolecular Structure Database at the European Bioinformatics Institute (autodep.ebi.ac.uk).
Isothermal Titration Calorimetry-Isothermal titration calorimetry was performed using a VP calorimeter (Microcal, Northampton, MA). TmGH1 was dialyzed into 100 mM sodium citrate buffer, pH 5.8, using a 10-kDa cut-off polythersulfone membrane concentration device (Vivascience) to a final concentration of 50 M (calculated using absorbance measured at 280 nm and a molar extinction coefficient of 118,630 M Ϫ1 cm Ϫ1 ). 1 was diluted in the same buffer to a final concentration of 0.5 mM. Both samples were spun and degassed prior to use.
Titrations were performed by injecting 10 l aliquots of 1 into TmGH1 (cell volume 1.35 ml). Data were corrected for heats of dilution by subtracting the excess heat at high molar ratio of inhibitor to enzyme. The stoichiometry (n), enthalpy (⌬H), and equilibrium association constant (K a ) were determined from fitting to a bimolecular model using Microcal Origin software. C values (where C ϭ K a ϫ [protein] ϫ n) were greater than 100. The Gibbs free energy (⌬G) and entropy (T⌬S) were calculated using the equation ⌬G ϭ ϪRTlnK a ϭ ⌬H Ϫ T⌬S.
RESULTS AND DISCUSSION
Aza sugars are a well documented class of glycosidase inhibitor. At an intuitive level, their positively charged ammonium ions are believed to reflect the charge distribution of the oxocarbenium ion-like transition states (Scheme 1). Perhaps the best described examples are deoxynojirimycin 5 (reviewed in Ref. 20) , and isofagomine 6 (synthesized by Bols and colleagues (21) and Ichikawa et al. (22) ). Tetrahydrooxazine 1, originally synthesized (racemically) in pioneering work by Bach and Bols (23) and later by Stick and co-workers (13) , was conceived as a potentially better mimic of the oxocarbenium ion-like transition state as it incorporates the endocyclic oxygen that is absent from isofagomine 6. Inhibition at a single (undefined) pH proved disappointing with 1, appearing to be 500 times less potent than 6 (23). The recent glycosynthase-catalyzed synthe- 
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sis of a range of cello-oligosaccharide-derived tetrahydrooxazine inhibitors (14) again revealed ϳ1000-fold worse inhibition, at pH 7.0, when compared with their isofagomine counterparts. Given recent observations of the pH behavior of 1/K i for isofagomine and its derivatives, which show that these compounds preferentially bind at high pH (and often to a catalytically inactive species), it is pertinent to re-examine the behavior of tetrahydrooxazine 1 and its derivatives 2-4 over a range of experimental conditions. Kinetic Analysis of the Binding of a Range of Tetrahydrooxazine Derivatives-The dependence of k cat /K m and 1/K i upon pH was measured at low substrate concentration (Ͻ ϽK m ) by substrate depletion using 2,4-dinitrophenyl ␤-D-glucopyranoside as substrate for TmGH1 and 2,4-dinitrophenyl ␤-lactoside as substrate for Cel5A. For both enzymes, a bell-shaped profile with an optimum at approximately pH 5.8 -6 for k cat /K m was observed (Fig. 3) . The acidic and basic limbs of these pH profiles display pK a values of 5.3 and 7.0 for TmGH1 and 4.7 and 7.3 for Cel5A, respectively. Based upon past examples (such as Refs. 10 and 24) and direct observation by NMR spectroscopy (25) , the simplest interpretation of these pH profiles is that they reflect titration of the nucleophile and acid/base, respectively.
Our initial experiments first sought to determine the optimal tetrahydrooxazine derivative for pH and structural studies on Cel5A. K i values were obtained for Cel5A with 1-4 (Table I), which were measured at the pH optimum (6.0) for catalysis. Compound 1 inhibits Cel5A poorly, as would be expected for an enzyme that optimally binds extended substrates in multiple subsites. The greatest inhibition occurs with polysaccharide chains containing either three or four sugar moieties, which exhibit K i values around 0.5 M. Inhibition of compound 3 is shown to be competitive; however there is some deviation from linearity in the Dixon plot for the "tetrasaccharide" 4, which most likely indicates partial hydrolysis of the inhibitor, consistent with tetrasaccharides being substrates for this enzyme (12) . The "trisaccharide" 3 was thus used for further studies of K i as a function of pH, and compounds 2 and 3 for subsequent crystallographic analysis.
The pH dependence of 1/K i for TmGH1 with 1 ( Fig. 3a) yields a bell-shaped profile, very close to that observed for catalysis but with a slight acidic shift relative to enzyme activity, with a pH optimum at 5.8 and acidic and basic limbs displaying pK a values of 5.1 and 6.7, respectively. Inhibition of Cel5A (Fig. 3b) with 3 likewise shows a bell-shaped profile close to that observed for k cat /K m , but this time with a slight alkaline shift relative to enzyme activity, giving a pH optimum of 6.2 and displaying acidic and basic limb pK a values of 5.1 and 7.4.
The pH dependence of 1/K i , in both systems, differs from many seen previously for aza sugars (10, 24, 26) as the profile for 1/K i largely mirrors that seen for k cat /K m . In other words, tetrahydrooxazine 1 and its derivatives bind optimally to the enzymes close to their pH optimum for catalysis. Furthermore, under these optimal pH conditions for catalysis, they bind, in the case of TmGH1, only seven times more weakly than isofagomine 6 and thus appear substantially better inhibitors than suggested from the 500 -1000-fold worse binding reported at elevated pH values. The differences in pH behavior reflect two factors. Firstly, they reflect the weak basicity of the nitrogen in 1 in comparison to 6; the pK a of 1 has been reported as 3.6 when compared to 8.6 for 6 (23) . This means that for the entire pH activity profile measured, the protonation state of 1 is unlikely to change. Secondly, and in marked contrast to the isofagomine derivatives, the profiles suggest that the tetrahydrooxazine derivatives do not bind optimally to a catalytically inactive species where both catalytic residues are in their carboxylate forms. The pH profiles show that the tetrahydrooxazine derivatives most likely bind to a catalytic center containing one protonated and one deprotonated carboxylate (although one cannot formally say which residue is present in which state). Given that under optimal catalytic conditions tetrahydrooxazine derivatives are actually rather good glycosidase inhibitors, the three-dimensional structures of TmGH1 (with 1) and Cel5A (with 2 and 3) were determined to shed light on the protein-inhibitor interactions.
Structural Analysis-X-ray diffraction data for TmGH1 in complex with 1 were collected to 2.0 Å resolution (Table II) . The model was refined to a final R cryst of 0.20 and R free of 0.26. TmGH1 folds as a (␤/␣) 8 barrel with the catalytic acid/base (Glu-166) on strand ␤-4 and the nucleophile (Glu-351) on strand ␤-7 (Fig. 1a) (10) . Such an arrangement is typical for clan GH-A glycoside hydrolases (4), the largest grouping of such enzymes. The glycon "Ϫ1" subsite is found buried, some 15-20 Å deep in a pocket with a number of residues including Gln-20, Glu-405, and Trp-406 conferring chain-end "exo" specificity.
Both protein molecules in the asymmetric unit contain a 
single molecule of 1, which is bound in a slightly distorted 4 C 1 (chair) conformation in the Ϫ1 subsite (Fig. 4a) . Interactions with active site residues (Fig. 5a ) are the same in both molecules of the asymmetric unit. N1 2 makes a 2.6 Å hydrogen bond with the O⑀1 (equivalent to O⑀2 of Cel5A) of Glu-351 (the catalytic nucleophile) and also interacts with both oxygen atoms of Glu-166 (the catalytic acid/base). As seen with previous complexes (10), C3-OH forms hydrogen bonds with the N⑀2 of His-121, the oxygen of Gln-20, and the nitrogen of Trp-406, and C4-OH interacts with the nitrogen of Gln-20 and the O⑀1 of Glu-405. C6-OH hydrogen bonds with the O⑀2 of Glu-405. In both molecules of the asymmetric unit, the endocyclic oxygen hydrogen bonds to a single water molecule, but in one of the molecules, the oxygen also interacts with a second water molecule (which also forms a weak hydrogen bond to the ring nitrogen).
X-ray diffraction data for Cel5A in complex with 2 and 3 were collected to 1.2 and 1.0 Å resolution, respectively (Table II) . In contrast to TmGH1, Cel5A is an endoglycosidase. Although it displays the same (␤/␣) 8 tetrahydrooxazine moiety only shown) . The protonation state of the catalytic glutamates indicated is that assumed for catalysis and has not been determined experimentally (the protonation states for acid/base and nucleophile may be reversed).
FIG. 6. Divergent (wall-eyed) stereo
ball-and-stick representation of overlap between TmGH1 bound to 1 (shown in gray) and Cel5A bound to 2 (tetrahydrooxazine inhibitor shown only; shown in yellow). These figures were drawn using MOLSCRIPT (30) . Wat, water.
FIG. 4. Divergent (wall-eyed) stereo
ball-and-stick representation of TmGH1 active site residues interacting with 1 (a) and Cel5 active site residues interacting with 2 (b). The observed electron density for the maximum likelihood weighted 2F obs Ϫ F calc map is contoured at 1 (ϳ0.25 electrons Å Ϫ3 ) for TmGH1 and 2.5 (ϳ1.16 electrons Å Ϫ3 ) for Cel5A; these figures were drawn using BOBSCRIPT (31).
strand ␤-7, the active site is in a long open groove with multiple glycon and aglycon subsites contributing to catalysis (Fig. 1b) . The models were refined to a final R cryst of 0.11 (2) and 0.10 (3) with corresponding R free values of 0.13 and 0.12. All sugar residues, including the tetrahydrooxazine moiety, in both complexes are in a relaxed 4 C 1 conformation with the Ϫ1 and Ϫ2 subsites occupied in complex with 2 and Ϫ1, Ϫ2, and Ϫ3 occupied in complex with 3, as expected (Figs. 4b and 5b) . In the complex with 3, the trisaccharide is estimated to have 75% occupancy; the other 25% is occupied with water molecules. The Ϫ1 and Ϫ2 subsite interactions with 2 and 3 are identical. As with the TmGH1 complex, the N1 of the tetrahydrooxazine moiety lies close (2.5 Å) to O⑀2 (O⑀1 in TmGH1) of Glu-228 (the nucleophile). N1 also interacts with the O⑀2 of Glu-228 (the acid/base). C3-OH of the inhibitor forms hydrogen bonds with the hydroxyl of Tyr-66 and the N⑀2 of His-101, and C6-OH interacts with the main chain carboxyl of Ala-234 and two (one partially occupied) water molecules. The glycosidic oxygen in the ␤-1,4 linkage between the inhibitor and glucose hydrogenbonds to the nitrogen of Trp-262. The endocyclic oxygen of the tetrahydrooxazine hydrogen bonds with a single water molecule (although it partially occupies two positions in the complex with 3, it interacts when in both positions) and also interacts weakly with the O⑀2 of the nucleophile.
Due to the partial occupancy of the trisaccharide in the complex with 3, a number of residues in the active site are also seen in double conformation. The nucleophile, Glu-228, is built in double conformation with one conformation (25% occupied) in closer proximity to the position of the inhibitor, which allows it to hydrogen bond to a water molecule. Tyr-202 is modeled in double conformation with one conformation (25% occupied) close to the position of the inhibitor, which promotes interactions with water molecules, many of which are also present in two positions. Further analysis of the Cel5A complexes could theoretically take advantage of the atomic resolution data and could indicate protonation states for example. Unfortunately, neither complex showed any F o Ϫ F c density for hydrogen atoms, and given that there is partial disorder and double conformations, unrestrained analysis of bond lengths was considered inappropriate.
A superposition (Fig. 6 ) of the TmGH1 complex with 1 and Cel5A complexes with 2 and 3 shows that the inhibitor moiety is bound essentially identically in each case, as might be expected for two GH-A clan enzymes. A number of the active site residues (Glu-351 in TmGH1/Glu-228 in Cel5A (the nucleophile), Glu-166 in TmGH1/Glu-139 in Cel5A (the acid/base), Tyr-295 in TmGH1/Tyr-202 in Cel5A, Trp-398 in TmGH1/Trp-262 in Cel5A, His-121 in TmGH1/His-101 in Cel5A, Asn-165 in TmGH1/Asn-138 in Cel5A) superimpose perfectly, demonstrating the remarkable active site conservation between these glycoside hydrolases from different families, for recognition and binding of saccharides.
As initially envisaged by Bach and Bols (23) , incorporation of the endocyclic oxygen in 1 does appear to allow many of the interactions normally present during catalysis (and which are not accessible to isofagomine 6). The water molecule(s) bound to O5 are present in equivalent positions in the Michaelis and covalent intermediate complexes of Cel5A (27, 28) and in the covalent intermediate structure for TmGH1 (10) . The interaction between O5 and a residue adjacent to the nucleophile (Tyr-202 in Cel5A and Tyr-295 in TmGH1), which is likely to be very significant during the catalytic event (see, for example, Ref. 29) , is not made by the tetrahydrooxazine derivatives as their O5 atoms lie over 3.5 Å from the tyrosine oxygen. This reflects the van der Waals' distance separating N1 from the nucleophile; only a closer approach of N1 or a distortion of the sugar ring toward a half-chair could afford a suitable interaction at O5.
The Thermodynamic Basis of Tetrahydrooxazine Inhibition-Given that, on the basis of x-ray crystallography alone, the tetrahydrooxazine derivatives appear to make more favorable interactions with the protein than, for example, the isofagomine derivatives, isothermal titration calorimetry was performed on the binding of 1 to TmGH1 to dissect the enthalpic and entropic contributions (Fig. 7) . The K d for binding was determined to be 464 nM, which agrees well with the kinetic determination of K i (480 nM), and the stoichiometry of enzyme and inhibitor was shown to be 1.0. The enthalpic contribution to binding (⌬H a ) was measured to be Ϫ11.15 kcal mol Ϫ1 , and the entropic component (T⌬S a ) was calculated to be Ϫ2.52 kcal (10) revealed that the prowess of isofagomine is derived not from a larger enthalpy of interaction but from a significant and large positive entropy. This is not only extremely counterintuitive, but it also casts some doubt on previous mechanistic interpretations of its tight binding. The large enthalpic contribution to the binding of 1 adds to this emerging and complicated picture of glycosidase inhibition. Of the three compounds, tetrahydrooxazine 1 is by far the best inhibitor in terms of enthalpy (Table III) , with 3.3 and 4.4 kcal mol Ϫ1 improvement over deoxynojirimycin 5 and isofagomine 6, respectively. The basic tenet of Bols' original design (23) for tetrahydrooxazine is thus true; in terms of protein-ligand interactions alone, incorporation of the endocyclic oxygen into the inhibitor results in substantially better enthalpy of association.
As with 5, the drawback of 1 binding to TmGH1 is the unfavorable entropy of interaction. The molecular basis of entropic differences is a notoriously difficult area, especially since structural analyses, such as provided here, report on only onehalf of the equilibrium and give no insight into the conformation, interactions, and hydration of unbound inhibitor. Zechel et al. (10) had previously suggested that the unfavorable entropy upon binding of 5 was derived, at least in part, from the incorporation of water molecules at the molecular interface through hydrogen bonds to N5. Similar forces likely penalize the binding of tetrahydrooxazine and its derivatives; both TmGH1 and Cel5A coordinate solvent molecules at O5, an interaction that clearly cannot occur with isofagomine derivatives as the equivalent atom is a methylene group. Therefore, counterintuitively, the incorporation of features to make an inhibitor more like glycosides has a significant beneficial effect on enthalpy, but an overall negative effect on potency. The exclusion of groups that are likely to allow binding of water molecules to the inhibitor may therefore be considered in the future design of inhibitors.
The best choice of pH for enzyme inhibition assays is a controversial area. Where possible, it is clearly preferable to do a full analysis of K i and k cat /K m as a function of pH. The pH dependence of 1/K i for 5 and 6 measured in a number of systems does not mirror that for enzyme activity. The observation that the tightest binding of the isofagomine derivatives occurs when the enzyme is largely inactive makes mechanistic interpretation of its potency difficult. One of the surprising observations for the tetrahydrooxazine derivatives is that the pH dependence of 1/K i closely mirrors that of k cat /K m . Thus, in this sense, and in terms of their large, favorable enthalpy, they may be considered better mimics than deoxynojirimycin 5 or isofagomine 6. Previous observations had dismissed tetrahydrooxazines as quite poor inhibitors when compared with the isofagomine counterparts. Here we show that at the catalytic pH optimum (of the enzymes used in this study), tetrahydrooxazine is only 5-10 times worse at binding than isofagomine, and indeed, with K i values around 0.5 M, tetrahydrooxazine is a substantially better inhibitor than assumed previously.
